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PURPOSE.
To determine the relationship between peripapillary scleral strain change and cumulative differential IOP exposure in nonhuman primates (NHPs) with unilateral chronic ocular hypertension.
METHODS. Posterior scleral shells from 6 bilaterally normal and 10 unilateral chronic ocular hypertension NHPs were pressurized from 5 to 45 mm Hg, and the resulting full-field, threedimensional, scleral surface deformations were acquired using laser speckle interferometry. Scleral tensile strain (local tissue deformation) was calculated by analytical differentiation of the displacement field; zero strain was assumed at 5 mm Hg. Maximum principal strain was used to represent the scleral strain, and strains were averaged over a 158-wide (~3.6-mm) circumpapillary region adjacent to the ONH. The relative difference in mean strain was calculated between fellow eyes and compared with the differential cumulative IOP exposure within NHPs during the study period. The relationship between the relative difference in scleral strain and the differential cumulative IOP exposure in fellow eyes was assessed using an F test and quadratic regression model.
RESULTS.
Relative differential scleral tensile strain was significantly associated with differential cumulative IOP exposure in contralateral eyes in the chronic ocular hypertension NHPs, with the bilaterally normal NHPs showing no significant strain difference between fellow eyes. The sclera in the chronic ocular hypertension eyes was more compliant than in their fellow eyes at low levels of differential cumulative IOP exposure, but stiffer at larger differential IOPs (P < 0.0001).
CONCLUSIONS.
These cross-sectional findings suggest that longitudinal IOP-induced changes in scleral mechanical behavior are dependent on the magnitude of differential cumulative IOP exposure.
Keywords: nonhuman primate, biomechanics, sclera, ocular hypertension G laucoma is the second leading cause of blindness worldwide 1 and leads to irreversible vision loss through damage to retinal ganglion cell axons as they pass through the scleral canal at the optic nerve head (ONH). 2, 3 Although glaucoma pathogenesis is not well understood, the biomechanical environment of the ONH has been hypothesized to play an important role in the neuropathy. [4] [5] [6] The sclera is an important factor in ONH biomechanics, and recent work strongly suggests that the biomechanics of the posterior sclera and lamina cribrosa are tightly coupled. [7] [8] [9] [10] [11] [12] The sclera is the principal loadbearing tissue of the posterior pole, and provides the mechanical boundary conditions for the contained lamina cribrosa at its insertion into the scleral canal wall. Computational models have shown that scleral stiffness 10, 12 and scleral collagen fiber organization 11, 13 largely dictate the IOP-induced deformation exhibited by the ONH. Sclera exhibits significant biomechanical changes with age, [14] [15] [16] [17] race, 17, 18 and glaucoma 15 in human eyes, and has been shown to exhibit altered material properties after exposure to chronic ocular hypertension in nonhuman primates (NHPs). 19 To investigate the influence of scleral biomechanics in the pathogenesis of glaucomatous damage, it is important to determine if the scleral mechanical response to IOP can be altered by prolonged exposure to elevated IOP. Remodeling-driven changes in scleral stresses and strains could lead to changes in scleral biomechanics and thus alterations in ONH biomechanics that precede the onset of glaucoma, and then change throughout disease progression to advanced disease. Hence, we focused this work on the differences in scleral strain that develop in the NHP model of unilateral chronic ocular hypertension, compared against untreated fellow eyes as an internal control, to investigate the changes in scleral stiffness that may occur as a result of chronic exposure to elevated IOP. In addition, bilaterally normal NHPs that received no treatment in either eye were used as a naïve control group for physiologic intereye differences in scleral stiffness.
We have shown that NHPs exhibit significant alterations in the architecture of the laminar and peripapillary scleral connective tissues at the earliest stage of chronic ocular hypertension. [20] [21] [22] [23] [24] In the lamina cribrosa of chronic ocular hypertension NHP eyes, permanent deformation and thickening, 23, 24 accompanied by increases in both total connective tissue volume and total number of laminar beams through the thickness of the lamina, were observed. 22 In addition, we observed posterior laminar deformation and progressive posterior migration of the laminar insertion, accompanied by thinning in the peripapillary and posterior sclera in the chronic ocular hypertension eyes. 23, 25 In vivo, several NHP studies have shown that the ONH and peripapillary connective tissues change in both structural stiffness and morphology very early in chronic ocular hypertension. [26] [27] [28] [29] These morphologic changes suggest rapid and significant change in ONH structure due to elevated IOP exposure and are likely the result of connective tissue remodeling in response to chronically elevated stress and strain levels. 30 We have previously shown that the biomechanical properties of the peripapillary sclera are altered in early chronic ocular hypertension using uniaxial testing of scleral strips and linear viscoelastic theory. 31 That study demonstrated a significant increase in the equilibrium modulus of the peripapillary sclera from chronic ocular hypertension NHP eyes, but no changes were seen in the time-dependent viscoelastic parameters. We have also shown that the peripapillary sclera thins significantly in response to chronic exposure to elevated IOP in NHPs using histomorphometry. 23 In a more recent study, we used posterior pole inflation testing in eight NHPs with unilateral early chronic ocular hypertension, and back-fit scleral material properties to study the differences in scleral tangent modulus between fellow glaucomatous and control eyes. 19 In that study, scleral material properties in eyes with chronic ocular hypertension were significantly altered compared to their fellow control eyes in most animals. The reported changes were animal specific and the material property differences were isolated to those early chronic ocular hypertension eyes that experienced either lower IOPs ( 30 mm Hg) and smaller cumulative IOP differences, or higher IOPs ( ‡30 mm Hg) and larger cumulative IOP differences. Results showed that scleral remodeling was a common feature of chronic exposure to elevated IOP, but the response was eye specific. This study did not include either bilaterally normal NHPs as controls, or NHPs with severe chronic ocular hypertension that corresponded to higher levels and/or longer durations of elevated IOP exposure. The structural response of the scleral shell to IOP (deformation or strain) is determined by both scleral shell geometry (thickness, shape) and material properties (material stiffness of scleral tissue). Scleral structural response is best quantified in terms of tissue strain, which is the relative local deformation (stretch, compression, shear, or a combination) expressed as a percentage change from baseline. However, our previous studies of scleral biomechanics in NHP chronic ocular hypertension eyes have not reported strain.
We recently developed a method to calculate continuous strain maps from three-dimensional (3D) scleral surface deformations measured on posterior scleral shells subjected to inflation testing. 32, 33 This advance allows the investigation of differences in strain in chronic ocular hypertension eyes versus fellow control eyes as a function of the level of exposure to elevated IOP using an accurate and validated measurement technique. In the present study, we calculated scleral strain maps by reanalyzing the scleral deformation data from six of the eight animals of our previously published report on scleral material property changes with exposure to mild and moderate levels of differential cumulative IOP exposure (elevated IOP in one eye compared to the fellow control). 19 We then added data from four additional animals with severe levels of differential cumulative IOP exposure to expand the IOP exposure range of the study cohort. Finally, we added scleral strain measurements from six bilaterally normal NHPs to establish the range of intraeye differences in scleral stiffness among normal fellow eyes. The purpose of this study was to determine if there is a relationship between scleral strain and the differential cumulative IOP exposure in treated versus fellow control eyes in the unilateral NHP chronic ocular hypertension model.
MATERIALS AND METHODS
All experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and were performed with approval from the Legacy Health Institutional Animal Care and Use Committee.
A control group of six bilaterally normal NHPs was used to establish baseline variability in scleral structural stiffness between normal fellow eyes. Elevated IOP was induced in one eye of the treated group of 10 NHPs by photocoagulating the trabecular meshwork, while the fellow eye was used as a control. Data from only six of the eight animals from our previous study were included in this analysis, as the strain calculation technique we employed requires very small deformation steps to ensure accurate strain quantification; deformation steps were too large in at least one eye of two NHPs studied previously, so these data were deemed unreliable and excluded from this analysis. Four additional NHPs with late-stage chronic ocular hypertension were included in addition to the 6 NHPs with early to moderate chronic ocular hypertension that we reported previously, for a total of 10 NHPs with unilateral chronic ocular hypertension and 6 bilaterally normal NHPs.
The protocol for generating and detecting laser-induced elevated IOP, or chronic ocular hypertension, has been fully described in previous reports. 21, 34, 35 Briefly, both eyes of each animal underwent IOP measurement (Tonopen XL; Reichert, Depew, NY, USA) and confocal scanning laser tomographic (CSLT) and spectral-domain optical coherence tomography (SD-OCT) imaging (Heidelberg Retinal Tomograph and Spectralis; Heidelberg Engineering, Heidelberg, Germany) at a manometer-controlled IOP of 10 mm Hg on three to five occasions while normal to establish baseline variability. Imaging was performed every 1 to 2 weeks after laser photocoagulation of the trabecular meshwork (OcuLight TX; Iridex, Mountain View, CA, USA) and chronic IOP elevation in one eye, until the onset and/or progression of CSLT-detected ONH surface change of mean position of the disc (MPD) or HRT II topographic change analysis (TCA). 36 NHPs used in this study were euthanized at varying levels of glaucomatous damage as assessed by confocal scanning laser ophthalmoscope-measured ONH surface change, or MPD, ranging from the earliest detectable MPD change in three NHPs to severe disease in which MPD did not change further even after additional exposure to elevated IOP in four NHPs. This clinical measure of ONH surface topography change in the glaucoma eye covered a wide range of glaucoma severity, and yielded a wide range of differential cumulative IOP exposure in fellow eyes. All animals were euthanized under ketamine/xylazine anesthesia with an intravenous injection of pentobarbital sodium, and their eyes were enucleated immediately post mortem for scleral inflation testing.
Scleral Mechanical Testing, and Definition of the Mechanical Strain
The experimental protocol for inflation testing the posterior scleral shell has been fully described in our previous reports. 14, 16, 19, 33 Briefly, the posterior scleral shells were cleaned of intra-and extraorbital tissues immediately post mortem, and individually mounted on a custom-built pressurization apparatus ( Fig. 1, left) . Each eye was blotted dry, covered with a white contrast medium (ProCAD Contrast Medium; Ivoclar, Schaan, Lichtenstein), and then immediately immersed in PBS at room temperature ( Fig. 1, left) . Preconditioning loads were applied in the form of 20 pressurization cycles from 5 to 30 mm Hg at a rate of 5 mm Hg per second, and then the scleral shell was allowed to recover for 15 minutes. A starting pressure of zero could not be used because the posterior scleral shell of NHPs does not maintain its shape unless pressurized to at least 2 mm Hg and exhibits geometric nonlinearities up to 4 mm Hg, so a starting pressure of 5 mm Hg was used. The scleral shells were inflated from 5 to 45 mm Hg in small steps of 0.01 to 0.2 mm Hg using an automated system with computer feedback control. Scleral surface displacements were recorded after the sclera had reached equilibrium at each pressure step (~30 seconds) using a commercial electronic laser speckle interferometer (ESPI; Q-100, Dantec Dynamics A/S, Skovlunde, Denmark) ( Fig. 1 ; right, top). In a recent study, we assessed the displacement measurement uncertainty of this ESPI system in inflation testing conditions similar to those used herein, and the average measurement uncertainty was 616 nm at the 95% confidence level. 32 As in previous studies (Fazio MA, et al. IOVS 2014; 55 :ARVO E-Abstract 4552), 14, 16, 19, 33 all inflation testing was performed at room temperature to avoid artifacts from convection currents in the saline bath that interfere with the laser displacement measurements.
A customized B-spline fitting system 37 was used to obtain continuous and differentiable analytical functions that define the 3D displacement field over the entire posterior third of the scleral surface as described previously. 33 The 3D deformation of the infinitesimally thin outer layer of the sclera was obtained by analytical differentiation of the fitting system functions, which allows direct calculation of the mechanical strain without any intermediate finite element or analytical modeling. The strain formulation is reported in Equations 1 and 2, as described in our previous studies, 16, 18, 33 and the 3D strain tensor was computed using an approximated formulation as follows:
ESPI displacements in Cartesian space were fit to continuous, differentiable, analytical functions¨ðh; uÞ ¼ u h ðh; uÞ; u u ðh; uÞ; u r ðh; uÞ È É for the meridional h 2 0; p 2 Â Ã , circumferential u 2 0; 2p ½ , and radial directions, respectively. The analytical function defines the displacement field over the two-thirds of the outer surface of the posterior pole of each eye. Five (e hh ,e hu ,e uu ,e ru ,e rh ) out of nine components of the full strain tensor (Equation 1) were computed by direct mathematical differentiation of the analytical displacement functions, and by assuming that the displacement components tangent to the scleral surface do not vary in the radial direction. A recent study by Tang and Liu 38 showed that variation of the meridional and circumferential components of displacement in the radial direction is minimal in the infinitesimally thin outer layer of the sclera where strain was calculated in this study. So, meridional and circumferential displacement variation in the radial direction, ]u h ]r ðh; uÞ and ]uu ]r ðh; uÞ in Equation 2, respectively, was assumed to be zero, and the sensitivity of the reported outcomes to this assumption was quantified and reported to be very low in our previous study. 16 Three components of the strain tensor e uh , e hr , and e ur were computed by strain compatibility equations, and the final component, e rr , was numerically computed by assuming tissue incompressibility, thereby imposing det½e þ I ¼ 1 (where I is the Identity Matrix). 
where e hh ¼ 1
The maximum principal tensile strain (e I , Equation 3 ) was computed over the entire scleral surface from the spectral decomposition of the full strain tensor:
The radius of the spherical coordinate system was computed by best-fitting 3D coordinates of~2500 points on the outer surface of the posterior sclera. These points were acquired using a 3D digitizer with a nominal resolution of 200 lm (MicroScribe G2X, Immersion; San Jose, CA, USA), while the sclera was pressurized to 10 mm Hg with PBS. A pressure of 10 mm Hg was chosen to reduce the potential for deformation of the sclera with the digitizer tip so as to get the best possible scleral surface geometries. The difference in shape of the sclera when pressurized at 10 mm Hg compared to 5 mm Hg is negligible as compared to the intrinsic 200-lm resolution of the digitizer. Also, while the strain is a function of the radius of the sphere defining the coordinate system, the sensitivity of the strain to an error in the sphere radius is negligible. 16 
Error Assessments and Sensitivity Analysis
As reported in detail in our previous study, 16 we showed that the all sources of error and approximation combined would produce maximum relative principal strain error below 3.8%, which is negligible given the differences in the relative strain results reported herein.
Relative Strain Difference, and Differential Cumulative IOP
The load-bearing connective tissues of the posterior sclera experience elevated IOP directly, 4 whereas they are likely to be only minimally affected by glaucomatous alterations to the neural and connective tissues of the ONH. In order to minimize the influence of structural and morphologic parameters on scleral strain, we used differential average maximum principal (tensile) strain and the differential cumulative IOP exposure between fellow eyes of the same animal. Accordingly, we refer to the relative difference in average tensile strain according to the formula:
where treated and control denote the lasered eye with elevated IOP and the normal fellow eye, respectively.
This formulation allows for quantification of the relative difference in magnitude of the scleral strain between fellow eyes from the same animal. To quantify the relative strain between fellow eyes from the bilaterally normal control group (six NHPs), the eyes were randomly assigned to the treated and control groups for the purposes of calculating relative strain difference in Equation 4 and differential cumulative IOP in Equation 5 , even though both eyes are untreated. These assignments were randomly permutated 64 times in the statistical analysis to ensure that the physiologic differences between normal eyes did not bias the results.
In order to assess the strain difference as a function of the exposure to elevated IOP in the treated eye, we computed the difference in the cumulative IOP (CumIOP) between the treated and control eyes within each NHP as:
Cumulative IOP for a given eye is defined as the area under its IOP over time curve-computed using a trapezoidal numerical integration (Fig. 2 )-which provides a concise quantification of how much time a given eye has been exposed to a given IOP. Again, the fellow eyes from the bilateral normal NHPs were randomly assigned to either the treated and control groups for the purposes of strain and differential IOP calculations in Equations 4 and 5 so we could assess physiologic differences between normal eyes, even though there was no treated eye in these animals. These assignments were randomly permutated 64 times in the statistical analysis to ensure that the physiologic differences between normal eyes did not bias the results.
Statistical Analysis: The Nonlinear Relationship Between Relative Strain Difference Versus Differential Cumulative IOP
An F test can be performed to determine if the quadratic relationship fits the relationship between relative strain difference and differential cumulative IOP in the combined normal and treated data better than a linear relationship,
where Y is the relative strain difference and X is the differential cumulative IOP. Under the null hypothesis that the quadratic model does not provide a significantly better fit than the linear model, the F statistic has an F distribution with (1,13) degrees of freedom. We can reject the null hypothesis with a small P value. The problem here is that control and treated assignments in the bilaterally normal control group (n ¼ 6) are arbitrary. To deal with this issue, we counted how many times we rejected the null hypothesis over all possible 2 6 ¼ 64 combinations of labels in the control group (each F test is rejected if the corresponding P value is less than 0.01).
To assess statistical significance of the quadratic relationship, the following null model of no association is tested against the quadratic model in Equation 6 above:
An F statistic can be obtained to compare the null model and the quadratic model. As the labels in the bilaterally normal control group are arbitrary, the average of the F statistic over all combinations of control labels in the control group is computed. Since it is averaged over all possible combinations of labels in the control group, it no longer has an F distribution.
In order to calculate a P value of the averaged F statistic, we perform a permutation test in which the relative strain differences (Y) are permuted within the glaucoma group so that the relationship between X and Y is uncoupled. Permuted data sets can be considered as data sets from the null of no association between X and Y. By computing the averaged F statistic for each permuted data set, we can have a sampling distribution under the null hypothesis that the differential cumulative IOP has no effect on the relative strain difference. A final P value can be calculated using the proportion of computed average F statistic values from permuted data sets that are larger than the average test statistic value from the original data set. Table 1 shows the relevant demographic information for the NHPs used in this study, including the relative strain difference in fellow eyes. Note that the bilateral normal eyes have relative strain differences of both positive and negative values, reflecting the fact that they do not have a treated eye; hence the relative strain difference as calculated in Equation 4 was performed with both the left and right eyes assigned to the treated group in succession as a means to assess the physiologic differences between fellow normal eyes. The analysis of the F statistic obtained from the 64 permutations of the control and treated labels of the normal group (six pairs) showed that the quadratic regression model (Equation 6) fit the relative strain variation over differential cumulative IOP significantly better than a linear model for the peripapillary region ( Table 2 ; Fig. 3 ). For the midperipheral region alone, the quadratic regression model is not a better fit ( Table 2 ; Fig. 3, right) . When the overall responses of the peripapillary and midperipheral regions are combined, the quadratic model was significantly better for all the possible 64 combinations, meaning that the overall relative strain difference with differential cumulative IOP for both regions together is better described by a quadratic relationship.
RESULTS
After assessing which regression model better describes the evolution of the relative strain difference as a function of differential cumulative IOP, and by computing the averaged F statistic for each permuted data set as described above, a final P value can be computed for testing the statistical significance of this functional relationship (Table 3) .
For the peripapillary and midperipheral regions, the relative strain difference significantly changed with differential cumulative IOP (P ¼ 0.0024 and 0.0279, respectively, Table 3 ). Also, the overall relative strain difference within the posterior sclera (both regions combined) changed significantly with differential cumulative IOP (P ¼ 0.0067, Table 3 ).
Relative strain difference had no significant correlation with age, mean measured IOP, or maximum measured IOP.
DISCUSSION
These results show that strain differences in fellow eyes are related to the level of chronic IOP elevation, and the resulting mechanical behavior is dependent on the differential cumulative IOP exposure over time (a dose effect). Eyes with progressively higher differential cumulative IOP exposures demonstrated significantly greater compliance compared to their fellow control eyes up to approximately 6000 mm HgÁdays, manifesting as progressively increasing scleral tensile strain differences that peaked at~28% (Fig. 3) . Eyes with cumulative IOP exposures greater than 10,000 mm HgÁdays higher than their fellow control eyes demonstrated significantly lower strains than their fellow control eye (Fig. 3) . The relationship was more pronounced in the peripapillary sclera than the midperipheral sclera farther away from the ONH. Taken together, these cross-sectional data predict the trajectory of longitudinal, eye-specific, scleral strain change within individual NHP eyes after chronic IOP elevation.
Significant changes in strain were observed in NHPs beginning at approximately 4000 to 6000 mm HgÁdays of differential cumulative IOP in the treated eye ( Fig. 3) . Prior to this level of differential IOP exposure, no effect is apparent, which suggests that the sclera and its resident cells are somewhat tolerant of mild cumulative elevations in IOP. Several studies have reported that mechanical strain applied to scleral fibroblasts triggers the release of matrix metalloproteinases (MMPs) and suppresses release of MMP inhibitors, which can then lead to remodeling of the scleral extracellular matrix. 39, 40 While we did not measure cellular responses, it is plausible that scleral fibroblasts become more active at higher strain levels and increase remodeling of the scleral extracellular matrix (ECM). Our results suggest that the remodeling process follows a classic connective tissue wound healing response, in which the sclera breaks down and becomes more compliant initially as it reorganizes, followed by a scarring period in which the sclera progressively stiffens as the collagen consolidates, eventually resulting in the significant stiffening of the sclera even relative to the normal level prior to injury.
This agrees with our previous study of a subset of these animals, in which we observed significant changes in scleral tangent modulus between the normal and glaucomatous eyes of NHPs. 19 Also, Burgoyne and colleagues 28, 41 reported hypercompliance of the ONH surface, lamina cribrosa, and 3 . Linear (gold) and nonlinear (quadratic, blue) statistical models showing the significant relationship between relative strain difference and differential cumulative IOP exposure between fellow eyes within NHPs in the peripapillary sclera within 2.2 mm of the scleral canal opening and the midperipheral sclera farther away from the ONH. N, bilaterally normal NHPs (green); Gl, NHPs in which one eye was exposed to chronic ocular hypertension (red).
peripapillary sclera using in vivo imaging within 4 to 8 weeks of chronic IOP elevation in NHPs and suggested that weakening of the load-bearing structures of the ONH through connective tissue damage might be responsible for this phenomenon at the earliest stage of chronic ocular hypertension. The latter study also noted stiffening of the lamina cribrosa in eyes exposed to longer-term chronically elevated IOP, as well as in optic nerve transection eyes. 28 Together, these studies showed that the ONH exhibits initial hypercompliance shortly after IOP elevation, followed by reduced compliance after long periods of chronically elevated IOP exposure, which mirrors the scleral results reported herein. In addition, our results suggest that the compliance changes are more pronounced in the peripapillary region, which is also consistent with prior studies. A separate computational modeling study also predicted a decrease in the elastic modulus, or stiffness, of the lamina cribrosa connective tissues at the earliest stage of chronic ocular hypertension in NHPs, based on lower stresses due to the increase in laminar connective tissue volume, but no decrease in laminar strain. 22, 42 The profile of the scleral functional remodeling response reported herein has been observed in other tissues and in vitro. In vivo tendon stiffening has been reported in functional human studies after prolonged periods of exercise and/or sporting activities that result in joint strain, which is consistent with the IOP-driven scleral stiffening results reported herein. [43] [44] [45] [46] Previous studies in vitro have shown that collagen fibrils synthesize along the direction of applied strain, 47, 48 and strained fibrils resist enzymatic degradation much better than unstrained fibrils. [49] [50] [51] [52] [53] These results support the notion that strained collagenous tissues respond to strain by adding new collagen fibrils and resisting natural collagen degradation. 54 Quigley et al. 55, 56 and Hernandez and colleagues 57-59 described elastin disruption within the lamina cribrosa of both NHP and human glaucoma eyes with more advanced disease, accompanied by marked increase in collagen fibril density. However, none of the aforementioned studies were designed to detect the initial hypercompliant phase in tissues or collagen fibrils reported herein, as all subjects/specimens were subjected to similar levels of increased strain and measurements were made at baseline and study endpoint. It should be noted that this study assessed strain resulting from an IOP increase from 5 to 45 mm Hg, hence ignores the lower strain levels at which elastin response is likely to be an important contributor to scleral stiffness.
We hypothesize that initial scleral hypercompliance, followed by scleral stiffening in response to prolonged exposure to chronic IOP elevations shown herein, is an effort by the scleral fibroblasts to maintain the biomechanical homeostasis of the scleral shell through collagen fibril remodeling, which will be investigated in future studies. Figure 3 suggests that there is a window of scleral hypercompliance associated with increased strain in the peripapillary sclera, prior to the profibrotic response that strengthens the scleral structure to a level above the initial structural stiffness of the tissue prior to chronic IOP elevation. Surprisingly, the argument that a stiff scleral shell shields the ONH from glaucomatous damage 60 seems to contradict previous results showing that the sclera stiffens with age in both NHPs and humans, [14] [15] [16] [17] with greater stiffening with age in persons of African heritage, 17, 18 and elderly persons and individuals of African descent are more susceptible to glaucoma at all levels of IOP and all levels of RGC axon loss. [61] [62] [63] In addition, previous work in the murine model of glaucoma suggests that a stiffer sclera is associated with increased axon loss. 64, 65 However, the observed window of scleral hypercompliance at the onset of chronic ocular hypertension in NHPs prior to stiffening later in the disease process can serve to reconcile these conflicting observations, as the initial cascade of glaucomatous damage to the ONH may be initiated during this hypercompliant phase before the sclera and lamina can stiffen in response to mechanical strain insult. It is plausible that this stiffening phase occurs much later in the disease process, and after significant damage to the axons has manifested. It is also plausible that this later-phase scleral stiffening serves to increase the magnitude of IOP transients in the eye, [66] [67] [68] which could independently contribute to glaucomatous damage in addition to mean IOP, thereby failing to rescue the remaining axons and contributing to increased rates of disease progression in an already damaged eye.
Limitations
First, reporting a single strain value or ratio for the sclera does not adequately represent its biomechanical response. The different contributions of scleral anisotropy, hyperelasticity, and local variations in material properties and strain were not considered, and could provide further insight into the relationship between scleral biomechanics and axonal loss in glaucoma.
Although the general limitations of the method have been discussed at length in our previous reports, 14, 16, 33, 69, 70 we will briefly revisit them herein and then discuss those inherent to this study in particular. First, IOP was measured in both eyes of each NHP over time (Fig. 1 ), but we did not characterize daily IOP fluctuations that are known to exist in NHPs. 71, 72 Diurnal IOP fluctuations have been shown to be large in NHPs, especially in glaucomatous eyes, in which they are highly eye specific and can exceed 10 mm Hg. 71 Therefore, our definition of cumulative IOP insult (change in area under the IOP versus time curve) was used here only to provide an estimate of the true cumulative insult from IOP. We have developed an implantable telemetric IOP transducer that is currently being used in NHPs that allows for continuous measurements of IOP fluctuations and very accurate characterization of IOP exposure. 66, 68, 73 In future studies, data from NHPs with wellcharacterized IOP insults will allow for more accurate characterization of the interactions between IOP and scleral and laminar remodeling.
Second, we did not characterize scleral biomechanics between 0 and 5 mm Hg in the tested eyes, because the scleral shells required an IOP of approximately 4 mm Hg to sustain their shape. IOPs in the range of 0 to 5 mm Hg are rarely measured in NHPs, and so ignoring the initial IOP loading should not compromise the integrity or importance of our results.
Finally, 9 of the 14 NHPs began this study while the investigators' laboratories were still located at the LSU Eye Center in New Orleans, and were unavailable for study for approximately 3 months after Hurricane Katrina. At the time of the hurricane, five of these nine NHPs had not yet been lasered, which includes three of the bilaterally normal NHPs and two of the chronic ocular hypertension NHPs, and so the frequency of IOP measurement and assessment of pre-and postlaser cumulative IOP exposure in these animals was unaffected. However, four of these nine animals had already undergone initial laser, and so the accuracy of their cumulative IOP exposure calculations is affected by the lack of IOP data in that time span and the diminished frequency of testing after their arrival at Devers Eye Institute. During this time, cumulative IOP was calculated as described above, but the frequency of IOP measurement was sparse and therefore we assumed that IOP changed linearly between the last prehurricane measurement and the first measurement after the storm. This period was approximately 3 months in length (gray boxes shown in Fig. 2) , and so unmeasured IOP changes during this period could induce errors in the cumulative IOP calculations in these NHPs. IOPs measured at the last prehurricane exam and the first posthurricane exam were very similar in all but one NHP (95R0651; Fig. 2 ) The remaining seven NHPs in the study were acquired at Devers and were altogether unaffected by these events.
CONCLUSIONS
These cross-sectional data suggest that changes in peripapillary and midperipheral scleral stiffness occur in response to chronic IOP elevation and that the resulting change in scleral mechanical behavior is dependent on the differential cumulative IOP exposure over time (a dose effect). The results of this cross-sectional study suggest that in eyes followed longitudinally, the sclera in the glaucoma eye will soften initially, resulting in temporarily higher scleral tensile strains as differential cumulative IOP exposure increases, but then will stiffen significantly thereafter to exhibit lower mean tensile strains. Currently, ex vivo inflation testing is the only feasible method for obtaining accurate measurements of scleral strain, and the results of this study demonstrate the need for the development of in vivo methods to evaluate scleral biomechanics longitudinally in NHPs and human subjects.
